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A. S%%kRn OF RESULTS

The following table provides a uary of the margins of afe

of all the sigpiflcant structural items.

They are based on pressure loads which incorporated a 1.25 factor

of safety. The allowmbles are based on the material properties at the uadmm

thermal excursion the part will experience, (Ref. Section III-A).

TABLE 1.1

Drawing Minimum Margin

Part Number of Safety Page

Throat, Pintle 1147001 4.03 3.1.1-1

Throat, Retainer 1147003 +.015 3.1.2-2

Coupling 1146997 +.17 3.1.3-2

Piston Retainer 1146999 High 3.1.4-1

Piston, Pintle 1146998 +.33 3.1.5-3

Strutted Housing 1146995 +0.0 3.1.6-5

Entrance Cap, Fintle 1147005 +.09 3.1.7-1

Exit Cone Pins 1147016 +.51 3.1.8-1

Nozzle Support 1147008 +.31 3.1.9-?

Nozzle Throat 1147012 .34 3.2.5.1

Outer Nozzle Assembly 1147006 High 3.1.11-1

-..1
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Section 3.2.0 represents the results of a finite element computer

analmis of the pintle and shroud nozzle components.

Figures 3.2.1.0 and 3.2.5.0 are computer output plots of the

pintle and shroud. They identify the geometry, materials used in the assembly,

nodal point and element locations.

The entire ejection load and pistoo load is transferred across

Section A-A of the SSF04 coupling (Ref. Figure 3.2.1.1). Considering thermal

excursions at the end of the firing, a high margin of safety is shown. This

confirms the analysis performed on Page 3.1.3.1 early in the design.

Sections C-C and B-B (Ref. Figure 3.2.2.1) of the throat retainer

must transfer ejection loads on the AG Carb 101 to the piston. Using material

allowables at 200*F, the temperature expected at 750 seconds, a high margin of

safety is shown.

Tension across the retainer shank is again due primarily to ejection

loads on the AG Carb 101. Section A-A, (Ref. Figure 3.2.2.1) at the undercut,

has a 0.13 margin of safety at 750 seconds after ignition.

The stresses on the AG Carb 101 are shown in Figures 3.2.4.1 thrugh

3.2.4.6. Sections in shear due to pressure and thermal loads are shown in

Figure 3.2.4.1 through 3.2.4.3. The shear allowable is estimated at 2700 psi.

This produces a M.S. = 0.24 at 8 seconds.

Hoop stress distribution is shown graphically in Figures 3.2.4.4

-hrough 3.2.4.6 when the thermal gradient is maximum. The compressive stress

or. the inner surface is maximum and produces a M.S. = 0.0. However, this is

conservatively based on tensile allowables. Compression allowables of graphites

are appreciably higher than tensile allowables.

-1.2-
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The shroud nozzle geometry is sbovn In Figure 3.2.5.0. The

hoop stress distribution on the pyro Insert at 10 seconds is shown in

Figures 3.2.5.1 through 3.2.5.3. Again compression on the inner fiber pro-

* duces a minimum M.S. =0.34. Conservatively, it is based on pyro tensile

allowables.

Figure 3.3.2 summrizes the results of the propellant grain

analysis. The miniamu M.S. =0.19 in the bond.

t-1.3-
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B. METHOD OF ANALYSIS

The motor was checked initially ising conventional methods and

pressure loadings. This analysis (Ref. Section III-A), utilizes a l.e25

factor of safety and material properties expected at the end of the firing.

The initial analysis is two fold in purpose;

(1) It evaluates geometry and material changes on the design.

(2) Tt provides a reasonable geometry for the thermal stress analysis.

The latter analysis, (Ref. Section Ill-B) incorporate.s the final

thermal map and pressure distribution. It is based on a 1.0 factor of safety.

AGC computer program No. E11405, "Finite Element Analysis of

Solids with Nonlinear Material Properties", was used. This analysis is run

with thermal distributions expected at the following times in the duty cycle.

1. t = 8.0 seconds

Maximum Gradient in the Pintle Insert.

2. t = 10.0 seconds

Maximum Gradient in the Shroud Insert.

3. t = 750 seconds

Maximum Thermal Excursion in the Pintle.

This analysis, which is time-consuming because of all the details

and computer turnaround time, serves two purposes:

1. Verifies the initial analysis.

2. Incorporates the effects of the varying thermal distributions

in the structure.

A grain analysis was run utilizing existing parametric design curves.

The grain was checked for the following load conditions:

1. Firing at Ambient Temperatures.

2. Thirty-day Storage at OF.

-1.4-
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A. LOAD8

Presure'

MEOP 5o psla

Actu'ator 3000 pila

Fos. 1.25 yAsld

Design Loads
PD a 1.25 x 550 -690 Psa

p a 1.25 x 3000 3750 Pala (Hydraulic System)

B. MAISIAL PROPERTIES -

Ref. Page 2.3 through 2.8

C. 0EOMETRY

Ref. Figure 2.1 and 2.2

Figure 2.1 is the computer plot of the aft end of the pintle.

Figure 2.2 is the computer plot of the shroud portion of the

nozzle.

-2.1-
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STRESS ANALYSIS OF THE

TWEPTY-PULSE IGNITER

Section 7 INTRCDUCTTON

A. Summary of Results

B. Method of Analysis

Section II DESIGN CRITERIA

A. Loads

B. Material Properties

C. Geometry

Section III SRESS ANALYSIS

A. Forward Boas

B. Forward Closure and Barrel

C. Aft Closure

D. Plastic Coponents
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I. INTRCDUCTION

A. SUMILRY OF RES'ULTS

The table on Page 1-2 and 1-3 is a summary of the minimum

margins of safety. The minimum margin occurs in the thveaded portion of

the ift closure.

n. METHOT)S OF ANALYSIS

This report uses two methods of analysis. The basic design

w-is checked usiTg conventionAl discontinuity pressure vessel analysis

(Ref: Kellogg Report - 9th Army-Navy-Air Force Solid Propellant Meeting,

Stractural Analysis for Design of Lightweight Rocket Shells).

As time permatted later in the design effort, AGC computer

nrogram E-11405 was used as a final check. This is a finite element

technique which can incorporate arbitrary pressure and geometry of the

ignter.

Page I-i
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SECTION I

f ODUCTION

The thermal analysis of the stop/start igniter was performed To

determine the maximum possible temperature increase of the SCT] located in

the igniter membrane for various thicknesses of the membrane. To facilitate

the analysis, it was assumed that the SCID temperature corresponds to the

backside temperature of the membrane. The computed relationship between the

maximum backside temperature increase and the membrane thickness is shown in

Figure C-I. For example, this figure gives a temperature increase of 155*F

for a 0.1-inch thickness. Figure C-2 shows the backside and frontside

temperature responses of the membrane for three different thicknesses.

P

Page)1
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SECTION II

DISCUSSION

To adequately predict the maximum temperature of the igniter ebrne,

the initial procedure of the analysis was to subdivide the internal surfaces

of the igniter chamber into nodal sections. Figure C-3 shows the nodal sub-

divisions for the case analyzed. Heti.Lg of these surfaces was assumed to be

caused by convective heat transfer from the combustion products of the pro-

pellant.

The temperature responses for each nodal section were obtained from a

thermal model which calculates the transient temperature response for a

composite material which reacts or decomposes in depth. This is a one-

dimensional, transient thermal model capable of including local surface

regression, internal decomposition (charring), and transpiration of pyrolysis

gases to the exoosed surface.

The total heat flux incident on the membrane, assumed to be due to

radiation from the chamber internal surface, is the summation of the individ-

ual contributions from the different sections. The basic radiation equation

used to obtain the heat transfer between the different sections and this

membrane is given below.

N 2 2
j= l Fj (Tji " Ti)

Qi = Total incident heat flux on the membrane surface at
time (i) (Btu/ft

2 -sec)

Fj = Configuration factor from the membrane to the individual
sections (j)

Tj = Temperature of an individual section at time (i) (oR)

Page 2
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II, Discussion (cont.)

T - Frontside temperature of the membrane at time Oi) (OR)

= Stefan-Boltzmann constant

Using this heat flux data in the previous mentioned thermal model,

the temperature responses for the various thicknesses of the membrane were

determined as shown in Figure C-2.

This particular configuration (Figure C-3) was selected for analysis

because it was estimated that it represented the highest heat flux condition.

The basis for this estimation is illustrated by examination of Figure C-4

which shows the maximum temperature response of a typical sidewll for

approximately 12 continuous cycles. Also, the heat flux (Qi) in the above

equation is estimated to be maximum because of the relati',re importance of

both the configuration factors (Fj) for the various axial membrane locations

and temperatures of each nodal section.

Some of the important assumptions made in this analysis are listed

below:

Igniter Pulse Duration 0.15 second

Motor Pulse Duration 1.5 seconds

Chamber Pressure 2000 psia

Propellant A-P3316

Flame Temperature 6o48°F

Additional assumptions were: (1) all surface emissivities were unity;

(2) combustion products or gas were transparent to thermal radiation during

the off-periods; (3) radiation heat fluxes were diffuse.

Page 3 I
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II, Discussion (cont.)

Also, the thermal properties and kinetic constants of three materials

and the propellant thermal properties were required for this analysis. The

materials were nylon, V-4Olo, and RTV-60. Adequate data were obtained for

V-410lO and nylon. The thermal properties used for the propellant were

representative of a typical propellant. However, the only property

determined for RTV-60 was the thermal conductivity at a specific temperature.

The other required properties were based on the properties of similar materials.

For example, the product of specific heat and density is equal to approximately

35 Btu/°F-ft 3 in the desirable temperature range. Thus, for a typical vlue

of 90 lb/ft 3 for the density, the specific heat can be determined. f
The thermal properties and kinetic constants used in this analysis for

the different materials are listed below.

Thermal Properties Kinetic Constants
Thermal Frequency

Conductivity Specific Heat Density Factor E/R Order of(Btu/ft-sec-F) (Btu/Ib-*F)- P/ft-5 ).Om / s e c )  (*R) Reaction

Nylon 0.00004 0.40 71.0 1.85 x 1013 47,100 1.0

V-4OlO 0.000036 0.45 68.2 1.252 x 103 14,660 1.219

RTV-60 0.00005 0.39 90.0 5.31 x 10 39,400 1.0

Propellant 0.00007 0.3 110.0 - - -

Page 4
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Thermal analyses were performed on all components of the Stop/Start

nozzle. The pintle and pintle housing, because of their severe thermal environj-

ment, were thoroughly analyzed to determinethe thermal profiles associated with

stop/start duty cycle heating.

The particular configuration analyzed is depicted in Figures Appendix D-I

and -II. Due to axial variation in local surface heat fluxes and the utilization

of dissimilar material.s, the heat conduction paths within the pintle was two-

dirensional (axial and radial). As a result, all predicted thermal data obtained

for the pintle and housing configuration were obtained by use of AGC's

"General Thermal Analyzer" computer program. This program considers any given

configuration as a series of small elements or nodes. Each node thus becomes

part of an analogous electrical network wherein heat capacity and volume define

the relative electrical capacity while the thermal conductivity and path length

determine electrical resistance. In addition to the conduction network, the

program is capable of computing special functions at each time step. For

example, varipble thermal properties were included by varying resistance and/or

capacitance as a function of temperature. Also, resistances which describe

heat flow paths between the pintle and pintle housing were varied by a switching

technique to duplicate the movement of heated portions of pintle into the cooler

regions of the housing. In this manner, a continuous thermal analysis of any

particular duty cycle was obtained without repeatedly stopping and starting the

alialysis after each firing or cooling period.

Thermal analyses results obtained for various duty cycles using the

techniques outlined are provided in the following figures. These data are

presented in terms of predicted temperature hijtories for the arbitrarily

-I- I
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chosen nodes indicated in Figures Appendix D-I and -II. The various duty cycles

invectigated were:

No. of Pulse on Pulse off Pintle
Figure Number Pulses Time, Sec Time, Sec Material

III-i thru 5 1 26 474 (Backup) MX 4926

IV-1 thru 6 1 26 474 All AG Carb 101

V-i thru 5 3 10 30

VI-I thru 5 24 1 30

VII-I thru 6 3 10 1

VIII-I thru 6 24 1 1

IX-1 thru 6 27 1 10

X - thru 6 3 10 10

-2-
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* APPENDIX E

THEMAL STUDY OF THE SINGLE CHAMBER STOP/STAIFI P1R)PELUMT ENVERhOT
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SECTION I

INTRODUCTION

The purposes of the thermal analyses of the stop/start motor propellant

environment were to predict: (1) the incident radiation flux to the pro-

pellant and (2) the pyrolysis gas evolution rate during the "soak" period

following pulse action of the motor. These predictions are then to be used

in propellant reignition studies. The methods used in performing this study

are outlined.

*ag I

" -

i

Pagc 1



IReport AFRPL-T-69-50, Appendix E

SECTION II

i DISCUSSION

The significant parameters which determine the reignition of propellants

in stop/start motor environment include the incident radiation flux distri-

bution to the propellant and the pyrolysis gas evolution rates from the motor

insulation system. Since both the insulation surface temperature and the

energy stored in the insulation increase with pulse duration, the radiation

flux to the propellant during "soak" periods will also increase with pulse

action time. In the present study the pulse duration considered was 8.3 sec

which corresponds to approximately one-third of the total motor action time.

Further, the exposed area of the insulation surface and the radiation view

factors vary with total motor action time. For this reason the propellant

environment was predicted for propellant burn-back conditions corresponding

* to each of three 8.3 second pulses.

The procedure followed in defining the environment of the propellant

was first to predict the response of the internal insulation at representative

locations in the motor. For this phase of the study, the chamber wall was

divided into regions according to exposure time and magnitude of the local

convective heat transfer coefficients. The response of the insulation at

each of these regions was then calculated using a computer program. This

program utilized the thermal response of elastomeric insulation materials

which dlecompose in depth when exposed to the environment associated with solid

rocket chamber environment.

Preceding Page Blank
Page 2
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II, Discussion (cont.)

The incident radiation to the propellant grain was then obtained by

summing the individual contributions of the various regions of the chamber

insulation.

A sumary of the results of this study is presented in Figures E-1

through E-5. Figure E-1 shows the calculated incident heat flux at a typical

forward propellant station for the soak periods following each of the assumed

pulse durations. It will be seen from this figure that the initial rate at

which the incident heat flux decreases is large compared to that for later

times. This characteristic is due to the fourth-power temperature dependence

of radiation and the rapid decay in source (insulation) surface temperature.

The insulation material, V-4OlO, and other elastomeric insulation materials

have (1) low conductivity, (2) low char density, and (3) a high yield of

pyrolysis gas from the virgin material. These properties are desirable in

applications where the attainment of low heat flux to the propellant grain is

necessary because they result in a rapid decay in insulation surface temperature.

The calculated response of V-t4010 at a typical location, as shown in Figure E-6,

illustrates this characteristic.

The incident heat flux to typical propellant locations in the aft motor

section are shown in Figure E-2. These results exhibit characteristics similar

to those shown in Figure E-1 for the forward stations. The magnitudes of

incident heat flux in the aft region are somewhat greater, however, due to

the more severe environment of the insulation durain action time and a small

radiation contribution by the components in the throat region.

Figure E-3 shows the calculated propellant surface temperature

variation at typical forward propellant stations for the heat fluxes shown in

Page 3
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II, Discussion (cont.)

Figure E-1. It will be noted in this figure that the propellant surface

temperature decreases continuously.

Figur_ E-4 shows the propellant surface temperature response for the

typical aft propellant stations. These results exhibit characteristics

similar to those for the forward stations. As noted above, the environment

is slightly more severe and the propellant surface temperatures are corres- I
pondingly higher.

Figure E-5 shows the total mass evolution rates of the injulation

pyrolysis gas for the three "soak" periods considered. It will be noted

from this figure that the pyrolysis gas evolution rate decreases with time

for each of the "suak" periode and that the magnitude of the evvlui .in rate

for equal "soak" periods increases with total action time. The latter char-

acteristic is due to the increase in exposed insulation area with action

t _'ne.
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APPENDIX F

iHE-IGNITION ANALYSIS OF THE SINGLE-CHAMBER STOP/START

CONTROlABLE SOLID ROCKET MOTOR

i
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SCTION I

INTRODUCTION

A re-ignition analysis has been conducted of the stop/start motor

to determine if motor re-ignition could occur after a pulse termination.

The analysis vas based on the results of Appendix E.

Page 1
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SECTION II

DISCUSSION

Rockiet motor ignition phenomena are analyzed through t,.e use of

ignitability data derived from tests conducted in the arc-image furnace

ruder controlled enviroinienta conditions. From these tests, time to

ignition for a particular propellant is defined in terms of induced heat

flux and pressure. In addition, propellant critical ignition pressure is

determined through the use of the furnace where critical pressure is defined

as the highest pressure at which the time-to-ignition is considered infinite.

After the test data is obtained, it is placed through a smoothing process

and scaling laws developed for extrapolation to other flux levels.

Internal motor pressure is derived from insulation pyrolysis tind

propellant ablation due to the thermal and pressure onvironment. Those

data are shown in Appendix E.

Pe

Page 2
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SECTION III

THEORY

The general ignition theory considers the induced heat flux and the

temperature profile in the solid propellant grain. Heat is transferred to

the propellant grain by convection and radiation modes. For this motor, the

means of heat transmission is principally by radiation. Time to propellant

ignition, ty, is defined as the summation of the thermal induction interval,

to, and the chemical induction interval, tc. The thermal induction period i5

defined in terms of heat flux, propellant diffusivity, conductivfty, auto-

ignition, bulk temperature, and a critical propellant depth. The critical

depth is a characteristic depth to which the propellant rr;st be raisud to

auto-ignition temperature for sustained ignition to occur. The chemical

induction period is defined in terms of the critical pressure, local pressure,

and an empirical constant determined from arc-image data.

Page 3
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SECTION IV

DISCUSSION

A curve fit of the propellant ignitability data was maide after a

smoothing process. Particular emphasis was placed on assuring a good fit on

the lowest heat flux curve since Appendix E shows a law flux environment in

the motor. Time to ignition for any heat flux may be found from,

tfl = t +t
0 C

ty = - i -0.a977 (490 Tamb)) + 1
40-566 0.65 (P 5

where: tjy seconds

= Btu/ft 2 -sec

Tauto 490*,

P* = 5 psia

By inspection it is seen that there are two quantities which tend

to make t1y approach infinityl

(1) j -0.21977 (49 - T )=O;no = -

1
(2) P - 45-0;lim P-5 --

The critical depth has been found to be approximately 0.004 inch.

Figure D-1 shows that for any pulse time there is a steep temperature gradient

in the solid propellant and that at a depth of 0.004 inch the local temperature

is below the autoignition temperature.

Figures E-1 and E-2 of Appendix E show that incident heat flux iz

at a maximum when t = 0 and decreases extremely fast with increasing time. The

mean hcat flux for the first 0.500 second is approximately 25 Btu/ft2 -sec.

Using this information and propellant ignitability data, with an assumed

Page 4
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IV, Discussion (cont.)

chamber pressure of 2.0 psia due to insulation and propellant pyrolysis, the

propellant ablation rate is found to be approximately 40 x 10-4 in./sec.

Normally, the incident heat flux would be determined for all locations on the

propellant grain and the effects on ablation rate integrated over the total

mass flow. Since the motor configuration is relatively complex, Lhis approach

was not deemed feasible. Thus, for a first approximatJon, the maximum flux

was considered to exist in all locations over the complete propellanL surface.

This approximation will yield a conservative answer with respect to re-ignition.

Induced pressure is found by summing the mass flow from all sources and

assigning an overall mass flow coefficient to the gases. For any pulse, the

maximum pyrolysis occurs near t = 0, where t is the time after normal burning

termination. Also, from Appendix E, the induced heat flux is independent of

pulse, therefore the maximum mass flow occurs after the last pulse where

maximum surface area occurs. The induced pressure is found as follows:

t (rA b  + Wpyrolysis)2I
At = throat area, 39 in.

density, ll/in.3

ra = ablation rate, in./sec

Ab  = total propellant surface area, in.2

C = assumed flow coefficient, ibm/ibf-sec

P 1 0) - .o63 (oo ) (1400) + 0.175) = 1.13 psia

3940121

P < 2.0(assumed)

Page 5
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SECTION V

CONCLUSIONS

Based on results of Appendix E and this study, it may be concluded

that re-ignition will not occur for the motor 6onfiguration as designed. In

the predicted thermal environment within the motor, none of the requirements

for ignition are satisfied as shown below.

Maximum
Quantity Predicted Value Critical Value

Pinduced' psia 1 - 2 45

2 9
Aindued Btu/ftsee 35 91

Although there have been several simplifying assumptions made in this

analysis, it should be noted that each would tend to provide more favorable

ignition conditions than actually exist. Thus, all estimates are conservative

assuring that re-ignition will not occur.
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